In this paper, we demonstrate nondeclarative sequence learning in mice using an animal analog of the human serial reaction time task (SRT) that uses a within-group comparison of behavior in response to a repeating sequence versus a random sequence. Ten female B6CBA mice performed eleven 96-trial sessions containing 24 repetitions of a 4-trial sequence. During the 12th session, the repeating sequence was replaced with the random sequence halfway through the session. Reaction time (RT) to respond to an illuminated nose-poke was recorded, and performance was compared at the halfway point in each session to test for any change in behavior. For learning effect, RTs decreased over the no-switch repeating-sequence sessions. For interference effect, behavior did not change appreciably at the halfway point during the last repeating-sequence session. However, RTs deteriorated significantly after the switch from repeating to random sequences halfway through session 12. The mice demonstrated a robust interference effect when switched from repeating to random sequences. This pattern of behavior in humans performing the SRT is interpreted as evidence of nondeclarative sequence learning. The similarity between the human and mouse SRTs will enable more direct comparisons of mouse-human nondeclarative memory behavior and will provide a useful behavioral end-point in mouse-models of basal ganglia dysfunction.
In humans, the serial reaction time task (SRT) is a nondeclarative/ implicit memory task that produces sequence learning through repetition of uncued and unannounced serially ordered stimuli. Learning is assessed by observing a deterioration in task performance when a random sequence replaces a regularly repeating sequence (the "interference effect"). Subjects with basal ganglia disorders such as Huntington's disease (Knopman and Nissen 1991; Willingham and Koroshetz 1993 ), Parkinson's disease (Ferraro et al. 1993; Pascual-Leone et al. 1993; Jackson et al. 1995; Westwater et al. 1998; Sommer et al. 1999; Stefanova et al. 2000) or pharmacologic treatments that affect the basal ganglia (Knopman 1991) demonstrate greatly reduced, or entirely absent, interference effects, indicating compromised implicit learning. These SRT deficits in subjects with basal ganglia dysfunction are not simply due to motor performance dysfunction (Harrington et al. 1990 ), as subjects with damage restricted to the basal ganglia as a consequence of infarct or hemorrhage are significantly impaired in both a motor and nonmotor version of the SRT (Vakil et al. 2000) . Furthermore, Vakil et al. (2000) found that while the basal-ganglia infarct subjects were significantly impaired in the SRT in comparison with intact-control subjects, the two groups did not differ on several tests of declarative (explicit) memory function.
In recent years, there has been an ever growing list of genetic mouse models of basal ganglia function and disorders. These include many knockout mice probing receptor and transporter function (Centonze et al. 2003; Metzger et al. 2002; Viggiano et al. 2003) , models relevant to drug abuse (Phillips 2002; Berrendero et al. 2003) , and transgenic models of Huntington's disease (Mangiarini et al. 1996; Schilling et al. 1999 ), Parkinson's disease (Maguire-Zeiss and Federoff 2003; Li et al. 2004) , and other basal ganglia disorders (Sriram et al. 2002; Orth and Tabrizi 2003; Volpicelli-Daley et al. 2003) . Despite the enormous amount of work that has been devoted to characterizing the neurophysiological and motor phenotypes of these mice, there is limited information about their cognitive phenotypes, and no procedures have been developed to help determine how nondeclarative learning might be compromised by any developing neurodegenerative phenotype. A rodent analog of the SRT was recently developed in rats (Christie and Dalrymple-Alford 2004) . Neurologically intact rats demonstrated an ability to learn short (4-trial), medium (8-trial) length sequences, and long (12-trial) sequences. Rats with dorsal caudate lesions displayed a marked impairment in the task in the medium and long sequence length conditions (and a milder impairment in the short sequence condition), whereas rats with dorsal hippocampal lesions were not impaired in the short, medium, or long sequence length conditions. We report the first successful adaptation of the SRT for use in mice. The mouse SRT procedure bears close resemblance to the human SRT task, and provides a test of nondeclarative memory function in mouse models of basal ganglia function and disease.
Results

Acquisition analysis
Analysis of the repeating-sequence sessions, and of the first half of session 12, was conducted by aggregating each session into 10 blocks of 16 trials (five blocks for session 12) and performing a repeated-measures ANOVA. The main effect of block was significant (F (9,90) = 13.38, P < 0.0001); the mice responded faster over time (Fig. 1A) . However, performance during sequence acquisition is a mixture of changes in general factors such as sensorimotor skills and attention, in addition to any specific sequence learning. In contrast, disruption revealed by the interference effect provides specific evidence of the influence of acquisition of 1 the sequence itself, as the only change is the predictability of the sequence of stimuli.
Interference analysis
The critical comparison is between session 11, the last repeatingsequence session, and session 12, the switch-to-random session. A one-tailed t-test revealed that the interference effect in session 12 was significantly higher than that in session 11 (t(17) = 2.01, P = 0.03; Fig. 1B ). Furthermore, single-sample t-tests revealed that whereas performance changed significantly at the halfway point in session 12 [(t(9) = 2.89, P = 0.017); Fig. 1B ], the was no change across the halfway point in session 11 (P = 0.7). This pattern of behavior in humans is considered evidence of nondeclarative sequence learning.
The composite interference effect for the 11 repeatingsequence sessions was virtually zero, as would be expected if these effects were simply a result of behavioral variation and were not a significant response to experimental conditions. Furthermore the composite interference effect was significantly smaller than that of the interference effect generated in session 12 (t(9) = 2.53, P = 0.02).
Error rates were also analyzed for both acquisition and interference effects. However, the mice made so few errors (typically <5 per session, during both repeating and random conditions) that there wasn't sufficient data to analyze.
Discussion
We tested the ability of mice to perform an animal analog of the human SRT task. Interference effects, the 'gold standard' of human SRT studies, were examined across sessions. The mice only displayed an interference effect in the one session within which the repeating sequence was replaced with random sequences. In humans this deterioration in behavior after the switch to random sequences is considered evidence of nondeclarative sequence learning (Nissen and Bullemer 1987; Reber and Squire 1994; Curran 1997) .
Unlike other nondeclarative memory/sequence-learning tasks modeled in mice, the mouse SRT closely mirrors the methodology of the human SRT task. In particular, four simple stimulus-response locations used with a specific repeating sequence of stimulus presentations is analogous to the sensorimotor aspects of the human task, and only requires a short, simple motor response. Furthermore, as in human studies, the mice performed mass trials of a repeating sequence before being switched, within session, to a random sequence to provide evidence of sequence learning. Prior work has shown a switch within sessions to be a more sensitive measure of sequence learning than a switch between sessions (M. Christie and J. Dalrymple-Alford, unpubl.) . Following Reed and Johnson (1994) we provided equal stimulus probability and made other statistical aspects of frequency information identical between the repeating and random sequences, to ensure that learning the specific repeating sequence alone could result in an interference effect when switched to random sequences.
There is evidence from other food-rewarded protocols that rats can learn serially ordered information. Both caudate and hippocampal lesions disrupt acquisition of serially presented rewards of varying magnitude (Compton 2001) ; cortical ablation produces a deficit in the performance of serially ordered grooming behavior (Berridge and Wishaw 1992) , and striatal lesions in rats impair the acquisition of a repeating sequence of radial-arm maze visits (DeCoteau and Kesner 2000). However, findings from studies which used protocols more directly comparable to the human SRT are unclear. The lack of the critical interference condition in Nixon and Passingham's (2000) 4-trial SRT study with three cerebellar-lesioned monkeys makes it difficult to conclude anything beyond the fact that the monkeys responded more quickly during repeating sequence training. Procyk et al. (2000) report mixed results from a study with two neurologically intact monkeys. One monkey demonstrated an interference effect (RT increase) when switched from a 4-trial repeating sequence to a random sequence, but the other monkey displayed a RT decrease (i.e., performance improved) when switched to the random sequences. Presumed animal nondeclarative memory tasks may also be prone to declarative memory strategies when used with humans (Broadbent et al. 2002) . In contrast, the mouse SRT is both highly analogous to the human SRT and produced a very clear indication of sequence learning in the mice in the context of considerable day-to-day variability in performance.
The 4-trial repeating sequence used in this study was identical to that used in the short-sequence condition of an SRT task recently demonstrated in the rat (Christie and Dalrymple-Alford 2004) . Both rats and mice display a marked deterioration in performance when switched, uncued, from the 4-trial repeating sequence to a random sequence. An interesting difference between the two studies was that rats made a high number of errors during SRT performance, whereas mice (and humans) make very few errors during task performance. Although error rates were a valuable measure of sequence learning in the rat SRT study, the very low number of errors made by mice rendered the measure unusable in the mouse SRT, which is typically also the case in human SRT performance. It is unclear why rats made so many errors Figure 1 . (A) Acquisition performance for log reaction time scores. The first 11 sessions all contained seamless repetitions of the repeating sequence throughout the session. In session 12 the repeating sequence was replaced with random trials at the halfway point (dotted line). (B) Interference effects for log reaction time scores. The first 11 sessions all contained seamless repetitions of the repeating sequence throughout the session. Session 12 contained the repeating sequence for the first half of the session, but thereafter switched to a random sequence for the remainder of the session. Median 1-11 is the median interference effect for the first 11 sessions. Error bars = ‫1ע‬ SEM.
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Studies in patients with basal ganglion disorders have demonstrated a marked impairment in the SRT in comparison with neurologically intact subjects. Parkinson's (PD) and Huntington's diseases (HD), which both disturb basal ganglia function, result in deficits in SRT performance differentiated only by degree. The typical pattern of behavior in PD patients performing the SRT is, firstly, slower reaction times during sequence acquisition, and secondly, and more importantly, a markedly weaker interference effect (compared to controls) when switched from a repeating to a random sequence (Ferraro et al. 1993; PascualLeone et al. 1993; Jackson et al. 1995; Westwater et al. 1998; Sommer et al. 1999; Stefanova et al 2000) . Subjects with HD show a similar, but more extreme, impairment in the SRT. Not only do they display minimal improvement in response speed during sequence acquisition, but their interference effect is very weak or entirely absent (Knopman and Nissen 1991; Willingham and Koroshetz 1993) . Given the likelihood that cognitive functions begin to deteriorate prior to any motor disturbance in human HD (Lawrence et al. 1998; Paulsen et al. 2001) and that a major aim of therapeutic intervention is to inhibit, if not prevent entirely, the progression of the disease, there is a need for tests of cognitive function in mouse models of HD that are both valid analogs of human nondeclarative memory, and sensitive to early cognitive deterioration resulting from the developing phenotype. The mouse SRT is intended to fill this need, and is particularly intended as an outcome measure for use with mouse models of basal ganglia dysfunction.
Although not as widely accepted or as well detailed as the hippocampus' role in declarative memory, there is general agreement that basal ganglia, and especially the caudate nucleus, are primarily responsible for implicit memory in humans and procedural/reference forms of memory in animals (Packard et al. 1989; Packard and White 1991; Kesner et al. 1993; White 1997; Packard and Teather 1998) . However, while these forms of memory are dissociable in rats and the dissociation mimics the hippocampal/basal ganglia distinction found in humans, there is no ready animal analog of nondeclarative memory tasks in humans. Rovee-Collier et al. (2001) argued that tasks in animals typically described as testing nondeclarative memory are better characterized as "not-declarative" by virtue of having no conceptual or operational validity for assaying nondeclarative memory functions beyond not being disturbed by limbic system damage. It is certainly true that tasks typically used to test nondeclarative/ procedural memory in animals (delayed nonmatching to sample, procedural radial-maze protocols, etc.) have few operational points-of-contact with human nondeclarative memory tasks. We now provide a valid mouse analog of a human nondeclarative memory task.
In summary, we report a nondeclarative memory task in mice that is analogous to a task in humans that is sensitive to basal ganglia dysfunction. In addition to modeling nondeclarative memory functions in mice, the mouse SRT provides a useful and relevant method for studying models of basal ganglia function and dysfunction. The mouse SRT has potential as a sensitive outcome measure in genetic mouse models of neurodegenerative diseases, and particularly as a measure of the effect of therapeutic compounds on cognitive dysfunction in such models.
Materials and Methods
Subjects
Ten female wild-type mice of the B6CBA background were used. Mice were group-caged and food-restricted to 85% of their freefood weight. Water was available ad libitum in the home cage, and mice were tested during the light portion of a 12/h light-dark cycle. The experiment was carried out in accordance with the NIH guidelines for the Care and Use of Laboratory Animals, and the Massachusetts General Hospital IACUC.
Apparatus
Mice were trained and tested in Med-Associates 9-hole mouse chambers, which were enclosed in individual sound-attenuating cubicles. The chambers were computer controlled by a PC with Med-Associates MED-PC IV behavioral programming software.
Training
Mice were initially trained to nose-poke four illuminated holes (nos. 2, 4, 6, and 8; left-to-right) in return for a food reward (condensed milk diluted 1:5). After mice achieved baseline criteria (>60 responses in 20 min) they were transferred to the SRT task.
SRT Performance
Mice performed a single 96-trial session per day. The first 11 sessions consisted of 24 repetitions of the 4-trial repeating sequence (left-to-right; 6, 2, 8, 4) . At the halfway point through the twelfth session, the sequence type switched, uncued, from the 4-trial sequence used in the preceding 11 sessions to random sequences. Random sequences were generated as described by Reed and Johnson (1994) to ensure that all frequency information other than the actual repeating sequence was identical between random and repeating sequences. Sets of random sequences were combined as described by Fellows (1967) to create a unique 220-trial block of random sequences. This 220-trial block of random trials was used for all mice after all sequenceto-random transitions, and the start position within the block varied randomly for each mouse. Therefore the only difference between sequence and random conditions was the presence or absence of the repeating sequence.
Analysis
Reaction time (RT) was measured from the time at which the mouse removed its head from the dipper port to the time at which it nose-poked the target (illuminated) hole. All reaction times were log transformed to help adjust for behavioral variance. An interference effect score was calculated for each session at the halfway point during the session, just as if a sequence switch had taken place. This was done by taking the median of the 16 trials immediately prior to, and 16 trials immediately after, the switch point and generating a difference score. A positive value indicated a slowing in RTs. A composite interference effect for all the repeating-sequence sessions (1-11) was also generated and compared to that of session 12. Interference effects were compared within each of sessions 11 and 12 separately by singlesample t-tests to determine whether the effect was different from zero, and between sessions 11 and 12 by dependent means t-tests (Statistica).
